Background Defects of articular cartilage are an unsolved problem in orthopaedics. In the present study, we tested the hypothesis that gene transfer of human fibroblast growth factor 2 (FGF-2) via transplantation of encapsulated genetically modified articular chondrocytes stimulates chondrogenesis in cartilage defects in vivo.
that results from that chondrogenesis has inferior structural characteristics and degenerates over the course of some months [2] . If let untreated, such cartilaginous lesions may further progress and eventually lead to osteoarthritis of the affected joint. An imbalance of polypeptide growth factors acting upon the cells that initially repopulate the defect is thought to play an important role in these events [4] . Consequently, chondrogenesis might be enhanced by regenerative signals provided to the site of articular cartilage repair.
Fibroblast growth factor 2 (FGF-2), a member of the multifunctional fibroblast growth factor family [5, 6] , is mitogenic for articular chondrocytes [7, 8] . In vivo, FGF-2 stimulates the differentiation of mesenchymal cells during chondrogenesis [9, 10] and has been reported to improve the repair of cartilage defects [11] [12] [13] [14] [15] [16] . However, FGF-2 protein has a very short plasma half-life [14, 17] and is rapidly cleared from the synovial fluid [18] . To achieve a physiological effect of the protein, either high doses [11, 13] or continuous delivery via osmotic pumps [14, 15] are required. Recent investigations have suggested that gene transfer may be an alternative to directly produce therapeutic factors at sites of articular cartilage damage [19, 20] . Transgenes have been expressed in cartilage defects either by transplantation of chondrocytes genetically modified using nonviral [21] or viral vectors [22] [23] [24] [25] , or by direct vector application [26] . When alginate spheres carrying transfected chondrocytes were transplanted into articular cartilage defects, transgene expression persisted for at least 32 days in vivo [21] . Nonviral, lipid-mediated overexpression of human FGF-2 was already shown to selectively stimulate cell proliferation in a model of articular chondrocyte transplantation in vitro [27] . However, it remains unknown if bioactive FGF-2 can be secreted from alginate spheres containing transfected chondrocytes. It also remains unknown if transplantation of these spheres to sites of articular cartilage damage would modulate the chondrogenesis and cartilage repair in vivo in a safe manner. In the present study, we tested the hypothesis that lipid-mediated overexpression of human FGF-2 via transplantation of alginate spheres containing genetically modified articular chondrocytes enhances chondrogenesis and stimulates articular cartilage repair in vivo. To determine the effects of FGF-2 overexpression at the beginning of chondrogenesis [3] , a first time point of 3 weeks after transplantation was chosen for evaluation. Since the repair tissue begins to degenerate by 12 weeks in this model system [3] , a second time point of 14 weeks was selected to evaluate the long-term effects of FGF-2 overexpression on articular cartilage repair.
Materials and methods

Materials
Plasticware was obtained from Falcon (Becton Dickinson, Pont de Claix, France). All reagents were from Invitrogen/GIBCO (Karlsruhe, Germany) unless otherwise noted. Bovine testicular hyaluronidase, Lcystein, Na 2 ETDA, calf thymus DNA and alginate were from Sigma (Munich, Germany). Collagenase type I (activity: 232 U/mg) was from Biochrom (Berlin, Germany). Dimethylmethylene blue was from Serva (Darmstadt, Germany). Chondroitin-6-sulfate from shark cartilage was purchased from Fluka (Buchs, Switzerland).
Cell culture and lipid-based transfection
Articular cartilage was harvested from the knee and hip joints of three male Chinchilla bastard rabbits (mean weight: 1.9 ± 0.2 kg; Charles River, Sulzfeld, Germany). The cartilage was washed twice with phosphate-buffered saline (PBS), diced into 2.0 × 2.0 × 0.5 mm fragments, and digested in spinner bottles containing Dulbecco's modified Eagle's medium (DMEM) with 50 µg/ml ascorbic acid, 100 U/ml penicillin G, 100 µl/ml streptomycin (basal medium) and 0.02% collagenase in a humidified atmosphere with 10% CO 2 at 37 • C for 16 h. Isolated cells were filtered through a 125 µm mesh to remove undigested matrix. Viability was determined by trypan blue exclusion and always exceeded 90%. The cell number was determined by hemocytometry.
Isolated chondrocytes were placed in monolayer culture in 100-mm dishes in basal medium containing 10% fetal bovine serum (growth medium). Transfections were performed with subconfluent cells, 10-14 days after cell isolation, using endotoxin-free expression plasmid vectors carrying either the E. coli lacZ gene (pCMVlacZ; termed lacZ-transfected), or a human FGF-2 cDNA (pCMVhFGF-2; termed FGF-2-transfected) [27] placed under the control of the human cytomegalovirus (CMV) immediate-early promoter/enhancer and the nonliposomal lipid formulation FuGENE 6 (Roche Applied Sciences, Mannheim, Germany), as previously described [21] . Aliquots of chondrocytes used for the production of alginate spheres were processed for X-gal staining and demonstrated a mean transfection efficiency of 42.1 ± 3.0%, consistent with previous data using this technique [21] .
Encapsulation of transfected and non-transfected chondrocytes in alginate spheres
One day after transfection, lacZ-and FGF-2-transfected chondrocytes were encapsulated in alginate as previously described [21] . Briefly, transfected chondrocytes were suspended in 1.2% alginate in 0.15 M NaCl at a density of 4 × 10 6 cells/ml. The cell suspension was then extruded through a 21-gauge needle (Braun, Melsungen, Germany) into 102 mM CaCl 2 at room temperature under constant shaking and allowed to polymerize for 10 min. The resulting alginate spheres containing lacZ-or FGF-2-transfected chondrocytes (termed lacZ or FGF-2 spheres) were washed twice in 0.15 M NaCl, followed by two washes in basal medium, and then placed in 96-well plates (one sphere/well) containing basal medium that was changed three times per week and kept at 37 • C in a humidified atmosphere of 10% CO 2 . At days 0, 1, 3, 7, 14, 21 and 28 post-encapsulation, individual spheres were dissolved in 100 µl 55 mM sodium citrate, 90 mM NaCl, pH 6.8, for 20 min at room temperature and submitted to further analysis. Spheres composed of non-transfected chondrocytes were individually cultured in basal medium without or with the addition of 5 ng/ml recombinant FGF-2 (PeproTech, London, UK) or in growth medium. For these experiments, the complete medium was replaced every other day.
Cell counts and glycosaminoglycan content of alginate spheres
Released chondrocytes were counted and their viability was determined using a Neubauer chamber and trypan blue exclusion staining based on four counts per sample. For glycosaminoglycan analysis, released chondrocytes were incubated overnight in 125 µg/ml papain in PBE containing 10 mM Na 2 ETDA. Glycosaminoglycans were measured spectrophotometrically by binding to the dimethylmethylene blue dye, using chondroitin-6-sulfate as a standard [28] . Absorbance was monitored at 530 nm. Measurements were performed using a GENios spectrophotometer/fluorometer (Tecan, Crailsheim, Germany).
Transplantation of alginate spheres to osteochondral cartilage defects in vivo
The transplantation of spheres in vivo was performed on the day of encapsulation (1 day post-transfection). All animal procedures were approved by the Saarland Governmental Animal Care Committee. Chinchilla bastard rabbits (Charles River) were kept in air-conditioned rooms with constant temperatures and a regular light/dark scheme. They received water ad libitum and were fed a standard diet. Fourteen female rabbits (mean weight: 2.9 ± 0.3 kg; seven animals per group) were anesthetized by intramuscular injection of Rompun (0.2 ml/kg body weight; Bayer, Leverkusen, Germany) and Ketavet (0.75 mg/kg body weight; Pharmacia & Upjohn, Erlangen, Germany). The knee joint was entered using a medial parapatellar approach. The patella was dislocated laterally and the knee flexed to 90 • . A cylindrical osteochondral defect was created in the patellar groove of each knee (n = 28 defects) with a manual cannulated burr (3.2 mm in diameter; Synthes, Umkirch, Germany). The defects were washed with PBS to remove debris and blotted dry. Spheres (from a single preparation, Table 1) were press-fit into the defects. The right and left knees alternately received lacZ or FGF-2 spheres. The patella was reduced and the knee was put through a range of motion to assure the stability of the spheres. Incisions were closed in layers. Immediately postoperatively, animals were allowed full weight bearing without any immobilization. Animals were allowed to climb and jump 6 weeks after the implantation.
Detection of transgene expression
Detection of β-galactosidase activity was performed by X-gal staining using a standard protocol [21] . To measure the production of FGF-2 by transfected chondrocytes encapsulated in alginate, the spheres were individually cultivated in 96-well plates (one sphere/well) in growth medium. At the indicated time points, spheres were washed twice in basal medium and the medium was replaced with 200 µl basal medium. After 24 h, the conditioned medium was collected. To monitor the FGF-2 content in the synovial fluid, knees received a lavage with 1 ml PBS. All samples were centrifuged to remove cell debris and stored at −80 • C. Samples were analyzed using a FGF-2 enzymelinked immunosorbent assay (ELISA) (R&D Systems, Wiesbaden, Germany) with a detection limit of 3 pg/ml.
Histological and immunohistochemical analysis
Spheres cultured in vitro were fixed in 4% phosphatebuffered formalin, embedded in paraffin, sectioned • C, washed and exposed to a 1 : 500 dilution of a biotinylated anti-mouse antibody (Vector Laboratories, Grünberg, Germany) for 1 h at room temperature. After washing with PBS, the sections were incubated for 30 min with the avidin-biotin-peroxidase reagent (Vectastain Elite ABC kit; Vector Laboratories), washed, and exposed to diaminobenzidine (Vector Laboratories).
To control for secondary immunoglobulins, sections were processed as above, except for the secondary antibody.
Evaluation of histological sections
The synovial membrane was evaluated using a previously published scoring system [30, 31] . The categories of the score include villus thickening (fibrosis), villus architecture (blunting), and the presence of inflammatory cell infiltrates. The area occupied by lacZ and FGF-2 spheres in the defects was measured on H&E-stained serial histological sections of the distal femora that were taken within approximately 0.6 mm from the center of the defects at 200 µm intervals (n = 3-5 per defect). Low-magnification images of the cartilage defects were acquired by a solid-state CCD camera mounted on a BX-45 microscope (Olympus, Hamburg, Germany). The image on the monitor was digitalized and the border of the sphere of each section was traced by a blinded observer. The area of the sphere was calculated with the analySIS program (Soft Imaging System, Münster, Germany). Immunoreactivity to type II collagen in the repair tissue was compared with that of the adjacent normal articular cartilage which served as a positive internal control. Immunoreactivity to type I collagen in the repair tissue was compared to that of the subchondral bone adjacent to the normal articular cartilage which served as a positive internal control. A score was given to each knee: −, no immunoreactivity; +, weaker immunoreactivity; ++, similar immunoreactivity; +++, stronger immunoreactivity. For the quantitative assessment of the repair tissue, serial histological sections of the distal femora were taken at 200 µm intervals. Sections within approximately 1.0 mm from the center of the defect (n = 9-10 per defect) were analyzed using the articular cartilage repair scoring system described by Sellers and co-workers [32, 33] . Specific parameters that were evaluated include filling of the defect, integration of the new cartilage, safranin O staining, cell morphology, architecture within the defect and of its surface, restoration of the subchondral bone and tidemark. Scores were combined and resulted in an average total score. Values range from 31 points (empty defect without repair tissue) to 0 points (normal articular cartilage, complete regeneration). A total of 274 sections were independently scored by three individuals without knowledge of the treatment groups.
Statistical analysis
Each test condition was performed in duplicate for the in vitro characterization experiments and with seven defects per group and time point for the in vivo experiments. Differences in cell number, viability and glycosaminoglycan content were compared between treatment and control groups using nested analysis of variance (ANOVA). To determine the sample size for the in vivo experiments, a standard deviation of 25% for the mean total score was estimated based on literature values for selected cartilage repair procedures. For a power of 80% (beta = 0.20) and a two-tailed alpha level of 0.05, a sample size of six animals per group would have been sufficient to detect a mean difference of 5 points between the groups, assuming a pooled standard deviation of 2.5 points [effect size = 5/2.5 = 2.0, using the two-sample Student's ttest (version 5.0, nQuery Advisor, Statistical Solutions, Saugus, MA, USA)]. To evaluate the in vivo experiments, points for each category and total score were compared between the two groups using a mixed general linear model with repeated-measures (knees nested within the same animals). All continuous variables, including FGF-2 production and histological scoring for parameters such as cell morphology, architecture and tidemark, were tested for normality using the Kolmogorov-Smirnov goodness-of-fit method and no significant skewness or kurtosis was detected. Therefore, continuous data are expressed in terms of the mean ± standard deviation (S.D.) or mean ± 95% confidence interval. A twotailed P < 0.05 was considered statistically significant. Statistical analysis of the data was performed using the SPSS software package (version 12.0, SPSS Inc., Chicago, IL, USA).
Results
Human FGF-2 is efficiently released from alginate spheres over a prolonged period of time in vitro
The ability of the alginate spheres to release the recombinant factor produced by the encapsulated cells is a prerequisite for the localized delivery of the gene product to cartilage defects in vivo. Accordingly, we transfected lapine articular chondrocytes with expression plasmid vectors carrying either the E. coli lacZ gene or a human FGF-2 cDNA, using the nonliposomal lipid preparation FuGENE 6. One day after transfection, the modified chondrocytes were encapsulated in alginate. The resulting lacZ and FGF-2 spheres were kept in culture for 28 days and the course of FGF-2 secretion was assessed over time.
In vitro, maximal FGF-2 production of FGF-2 spheres was 47.4 ± 1.0 ng/10 7 viable chondrocytes/24 h at day 2 after transfection, 95-fold higher compared to lacZ spheres (P < 0.001, n = 2) ( Table 1 ). After 28 days in vitro, FGF-2 production of FGF-2 spheres was 2.0 ± 0.2 ng/10 7 viable chondrocytes/24 h, 10-fold higher than in lacZ spheres (P = 0.006, n = 2).
Overexpression of human FGF-2 stimulates chondrocyte proliferation but not glycosaminoglycan synthesis in alginate spheres in vitro
Next, the biological effects of human FGF-2 overexpression on the encapsulated chondrocytes were investigated. At different time points in vitro, viability, cell number and glycosaminoglycan content in the spheres were determined. At the time of encapsulation, the chondrocytes in the lacZ and FGF-2 spheres had a viability of 89.0 ± 1.4% and 91.5 ± 0.7%, respectively (P > 0.05, n = 2). Cell viability remained above 80% in all spheres at all other time points (data not shown). At day 29 post-transfection, the viability of the chondrocytes in the lacZ and FGF-2 spheres was similar compared to day 1 (84.9 ± 2.4% and 89.0 ± 1.7%, respectively; P > 0.05, n = 10). The number of viable chondrocytes in the lacZ and FGF-2 spheres was similar at the time of encapsulation, 1 day post-transfection (4.9 ± 0.2 × 10 4 and 5.1 ± 0.1 × 10 4 cells/sphere, respectively; P > 0.05, n = 2). At day 29 post-transfection, the number of viable chondrocytes in lacZ spheres increased by 25.5% to 6.2 ± 0.8 × 10 4 cells/sphere, without reaching statistical significance when compared to day 1 (P > 0.05, n = 10). In contrast, FGF-2 spheres contained 7.1 ± 0.4 × 10 4 cells/sphere, significantly more when compared to lacZ spheres at this time point (P < 0.001, n = 10). This corresponds to a 39.2% increase (P = 0.008, n = 10) in the number of viable chondrocytes in FGF-2 spheres between days 1 and 29 post-transfection. At day 29, the glycosaminoglycan content of FGF-2 spheres was not different from that of lacZ spheres (8.17 ± 0.84 and 8.46 ± 1.09 µg/sphere, respectively; P > 0.05, n = 8).
Exogenous FGF-2 stimulates the proliferation of chondrocytes in alginate spheres in vitro
In order to compare the increase in cell proliferation as a result of FGF-2 overexpression to that obtained after exposure to exogenous FGF-2 protein, non-transfected chondrocytes encapsulated in alginate were incubated in basal medium without or with 5 ng/ml FGF-2 or in growth medium (as a positive control) for 28 days. At the time of encapsulation, chondrocytes had a viability of 88.0 ± 4.5% and a total viable cell number of 5.9 ± 0.6 × 10 4 cells/sphere. After the 28-day incubation in basal medium, cell viability was 84.1 ± 2.4% and the number of viable chondrocytes was 6.1 ± 0.4 × 10 4 cells/sphere. This corresponds to a 3.4% increase in the number of viable cells, not significantly different compared to day 0 (P > 0.05 for viability and number of viable chondrocytes in comparison to day 0, n = 10). Continuous exposure to 5 ng/ml exogenous FGF-2 led to a cell viability of 89.0 ± 1.3% and to 7.9 ± 1.1 × 10 4 viable chondrocytes/sphere after 28 days. This corresponds to a 33.9% increase in the number of viable chondrocytes compared to day 0 (P < 0.01, n = 10). When chondrocyte-alginate spheres were continuously exposed to growth medium, chondrocyte viability was 90.0 ± 1.3% and the number of viable chondrocytes was 8.5 ± 0.7 × 10 4 cells/sphere at day 28. This corresponds to a 44.1% increase in the number of viable chondrocytes (P = 0.01, n = 10). A comparison of the different culture conditions at day 28 after encapsulation revealed no significant differences in cell viability and in the number of viable chondrocytes between spheres incubated in basal medium containing 5 ng/ml FGF-2 or in growth medium (P < 0.05, n = 10 spheres). Compared with spheres incubated in basal medium alone, chondrocyte viability and the number of viable cells were significantly higher (P < 0.01, n = 10 spheres) in spheres incubated in 5 ng/ml FGF-2 or in growth medium. Thus, the 39.2% increase following FGF-2 overexpression is well comparable to the 33.9% increase following continuous exposure to 5 ng/ml exogenous FGF-2 protein in vitro.
Localized human FGF-2 gene transfer does not induce a synovial inflammatory response in vivo
On the day of encapsulation, lacZ or FGF-2 spheres were press-fit into osteochondral defects in each patellar groove of 14 rabbits. Three and 14 weeks following implantation, there were no macroscopic signs of inflammation or hematoma. FGF-2 concentrations were monitored in the lavage fluid of knees. After 3 weeks, there was no difference between knees receiving lacZ or FGF-2 spheres Each category or total score is calculated as the average score performed by two independent evaluators. Points for each category and total score were compared between the FGF-2 and lacZ groups using ANOVA. Data are expressed as mean ± S.D.
(24.3 ± 23.6 and 21.5 ± 13.0 pg/ml, respectively; P > 0.05, n = 7). Similar results were obtained after 14 weeks in vivo (66.7 ± 55.6 and 58.0 ± 25.7 pg/ml, respectively; P > 0.05, n = 7). We next investigated the effects of the recombinant human FGF-2 overexpression on the synovial membrane using a previously published score. Analysis of the thickness, architecture of synovial villi, and presence of inflammatory cell infiltrates revealed no significant differences between knees receiving lacZ or FGF-2 spheres at either 3 or 14 weeks (P > 0.05 for both time points, n = 7) ( Table 2 ; Figures 2 and 3L-3M ).
Alginate spheres containing genetically modified chondrocytes produce FGF-2 for at least 3 weeks in vivo and are progressively resorbed
Over the course of the in vivo experiment, the spheres remained underneath the original articular cartilage (Figures 2 and 3A , 3B). After 3 weeks, both lacZ and FGF-2 spheres were surrounded and in part invaded by a resorptive tissue consisting of undifferentiated mesenchymal cells, histiocytotic cells and lymphocytes ( Figure 1A and 1B). FGF-2 expression was detected by immunohistochemistry in FGF-2 spheres ( Figure 1F ). The areas occupied by lacZ and FGF-2 spheres after 3 weeks were 1.62 ± 1.23 and 1.14 ± 0.63 mm 2 , respectively (P > 0.05, n = 7). After 14 weeks, remnants of the spheres were detectable in the newly formed subchondral bone ( Figures 1C and 1D ). Spheres were surrounded by a loose reparative tissue that consisted of fibroblasts and histiocytes, consistent with remnants of a resorptive granulation tissue. The areas occupied by lacZ and FGF-2 spheres were 0.03 ± 0.05 and 0.08 ± 0.13 mm 2 , respectively (P > 0.05, n = 3). Between 3 and 14 weeks, the spheres were progressively resorbed, as indicated by a significant decrease in their area (P < 0.0001 for both groups).
Figure 1. Representative histological sections of lacZ (A, C, E) and FGF-2 spheres (B, D, F) after 3 (A, B, E, F) and 14 weeks (C, D) in vivo stained with safranin O (A-D) and a monoclonal mouse anti-human FGF-2 IgG. At 3 weeks, spheres were surrounded and in part invaded by a resorptive tissue (A, B). FGF-2 was expressed in FGF-2 spheres (F). After 14 weeks, only remnants of the spheres were detectable, which were surrounded by a resorptive granulation tissue (C, D). Original magnification ×200 (A-D) and ×250 (E, F)
Effect of localized human FGF-2 gene transfer on type II and type I collagen synthesis at 3 and 14 weeks in vivo
The new tissue in the cartilage defects was analyzed by immunohistochemistry for the presence of type II collagen, a major component of the extracellular matrix of hyaline articular cartilage. Three weeks after transplantation, immunoreactivity to type II collagen was weaker in the repair tissue of defects that received lacZ spheres than in those where FGF-2 spheres were applied (Table 3 ; Figures 2G and 2H ). Fourteen weeks after transfection, immunoreactivity to type II collagen in defects receiving lacZ spheres was less than or similar to that of the adjacent normal articular cartilage (Table 3 ; Figures 3G and 3H ). All defects receiving FGF-2 spheres exhibited immunoreactivity to type II collagen similar to that of the adjacent normal articular cartilage. The new tissue was then analyzed by immunohistochemistry for the presence of type I collagen, an indicator of fibrocartilage. Three weeks after transplantation, immunoreactivity to type I collagen was stronger in the repair tissue of defects that received lacZ spheres than in those where FGF-2 spheres were applied (Table 4 ; Figures 2I-2K ). Fourteen weeks after transfection, immunoreactivity to type I collagen decreased in defects of both groups, while it continued to be stronger in defects that received lacZ spheres (Table 4 ; Figures 3I-3K ).
Figure 2. Stimulation of chondrogenesis in articular cartilage defects 3 weeks after transplantation of genetically modified chondrocytes in vivo. Histological appearance of osteochondral defects following treatment with a lacZ (A, C, E, G, I, L) or a FGF-2 sphere (B, D, F, H, K, M) stained with safranin O (A-D), hematoxylin and eosin (H&E) (E, F), a monoclonal mouse anti-human type-II collagen IgG (G, H), or a monoclonal mouse anti-human type I collagen IgG (I, K). Images (L) and (M) depict the synovial membrane adjacent to the cartilage (H&E). Images (C) and (D) are magnified views of images (A) and (B) illustrating
Localized human FGF-2 gene transfer stimulates chondrogenesis at 3 and 14 weeks in vivo
To study the effects of FGF-2 overexpression on articular cartilage repair in vivo, the newly formed repair tissue within the defect was evaluated using a previously published grading system [32, 33] that consists of eight individual parameters. First, the animal model was validated to confirm the absence of a complete cartilage regeneration. The development over time of the new tissue was determined for defects treated with lacZ spheres. A comparison for defect healing of the lacZ control group between 3 and 14 weeks in vivo revealed a significantly better healing at 14 weeks with respect to filling of the defect (P < 0.01), architecture within the defect (P < 0.05), and average total score (P < 0.01), indicating a maturation of the repair tissue over time. In parallel, signs of degradation of the repair tissue were evident after 14 weeks in vivo, indicated by a higher 
appearance of osteochondral defects following treatment with a lacZ (A, C, E, G, I, L) or a FGF-2 sphere (B, D, F, H, K, M) stained with safranin O (A-D), hematoxylin and eosin (H&E) (E, F), a monoclonal mouse anti-human type II collagen IgG (G, H), or a monoclonal mouse anti-human type I collagen IgG (I, K). Images (L) and (M) depict the synovial membrane adjacent to the cartilage (H&E). Images (C) and (D) are magnified views of images (A) and (B)
. Safranin O staining is increased in the defect receiving a FGF-2 sphere (B, D) compared to the defect receiving a lacZ sphere. Cells in the repair tissue of both defects were round and had round nuclei (C-F). However, only cells in the defect treated with a FGF-2 sphere were oriented in a columnar fashion (F). Immunoreactivity to type II collagen was reduced in the repair tissue of the defect receiving a lacZ sphere (G). Sections were taken from defects having a histological rating equal to the mean score for its respective treatment group. Photomicrographs were obtained using standardized photographic parameters, including light intensity. Original magnifications ×40 (A, B) or ×100 (C-M) (lower) score value for both the surface of the new tissue and the tidemark compared to 3 weeks (Tables 5 and 6 ). Subsequently, articular cartilage repair was compared for defects receiving lacZ or FGF-2 spheres 3 and 14 weeks after implantation. No complete articular cartilage Table 4 . Semiquantitative analysis of type I collagen immunoreactivity in the repair tissue 3 and 14 weeks in vivo 3 weeks 14 weeks Animal number lacZ spheres FGF-2 spheres lacZ spheres FGF-2 spheres
Type I collagen immunoreactivity in the repair tissue of the defect was compared to that of the subchondral bone adjacent to the normal articular cartilage, used as a positive internal control. Type I collagen immunoreactivity was scored as follows: −, no immunoreactivity; +, weaker immunoreactivity; ++, similar immunoreactivity; +++, stronger immunoreactivity.
regeneration (0 points) was achieved at both time points for defects treated with lacZ and FGF-2 spheres. However, after 3 weeks, the defects receiving FGF-2 spheres were Each category or total score is based on the average of three independent evaluators. Points for each category and total score were compared between the FGF-2 and lacZ groups using a mixed-model analysis with repeated-measures (knees nested within the same animals; CI = confidence interval). Means indicate the estimated scores in points for each category. Each category or total score is based on the average of three independent evaluators. Points for each category and total score were compared between the FGF-2 and lacZ groups using a mixed-model analysis with repeated-measures (knees nested within the same animals; CI = confidence interval). Means indicate the estimated scores in points for each category.
filled with new tissue to a level similar to that of the surrounding normal articular cartilage ( Figure 2B ). This corresponds to the lowest (best) average individual score value (0.77) of all categories evaluated, 2.6-fold better than defects receiving lacZ spheres (P < 0.01, n = 7) (Table 5) . Similarly, the individual score value for architecture of the defect was 1.3-fold improved for defects receiving FGF-2 spheres compared to those where lacZ spheres were applied (P < 0.01, n = 7) ( Figures 2D-2F ). At this early time point, the values for all other individual categories were improved for defects receiving FGF-2 spheres, compared to those that received lacZ spheres, although they did not reach statistical significance. Individual scores were combined and the resulting average total score was compared between the two groups using a mixed general linear model of statistical analysis. The average total score after 3 weeks was significantly improved for defects receiving FGF-2 spheres compared with defects receiving lacZ spheres (19.1 vs. 15.2, P < 0.01, n = 7). After 14 weeks, the morphology of the cells repopulating the defects that received FGF-2 spheres was significantly improved compared to the control, as noted by a 1.9-fold better score value (Table 6 ). This indicates that the cells in the new tissue were mostly round and predominantly arranged in a columnar fashion, exhibiting characteristics of a chondrocyte phenotype (Figures 3D-3F ). Re-establishment of the tidemark was significantly accelerated in the defects receiving FGF-2 spheres, compared to those where lacZ spheres were implanted. Values for all other individual parameters were improved for defects receiving FGF-2 spheres compared with the controls, although they did not reach statistical significance. The average total score after 14 weeks was significantly improved for the defects receiving FGF-2 spheres, compared with the defects that received lacZ spheres (15.8 vs. 11.1; P < 0.01, n = 7).
Discussion
A major challenge of gene therapy for human articular cartilage defects is to locally and safely deliver and express the therapeutic transgene. In the present study, we tested the hypothesis that overexpression of human FGF-2 via a nonviral gene delivery method by transplanted articular chondrocytes enhances the repair of full-thickness cartilage defects in vivo. The data indicate that FGF-2-transfected chondrocytes embedded in alginate spheres released functionally active FGF-2 for at least 1 month in vitro. The secreted factor selectively stimulated chondrocyte proliferation in spheres in vitro. The data further suggest that FGF-2 was expressed for at least 3 weeks in vivo without leading to differences in FGF-2 concentrations in the synovial fluid or adverse effects on the synovial membrane. Finally, the data demonstrate that transplantation of FGF-2 spheres into cartilage defects augments specific parameters of chondrogenesis and results in an enhanced articular cartilage repair for a period of 14 weeks in vivo.
The delivery of FGF-2 to articular cartilage defects remains a problem. Studies that applied FGF-2 to articular cartilage defects by intraarticular injection of the protein have employed high single doses of 7 × 10 5 pg [13] or between 3.6 × 10 3 [14] and 12 × 10 3 pg/day [34] via osmotic pumps for up to 2 weeks. However, FGF-2 protein has a plasma half-life of less than 1 h and is rapidly cleared after a few hours of intraarticular administration [18] . The spheres employed in the present study secreted 210 pg FGF-2/sphere/day on day 2 and 11 pg FGF-2/sphere on day 28 . These values are 10-to 100-fold higher than the 1-2 pg of FGF-2/day secreted by stably transfected NIH3T3 cells encapsulated in a biocompatible polymer [35] .
FGF-2 has been implicated in many studies as a modulator of chondrocyte proliferation in vitro [7, 8] . In the present study, the number of viable cells in FGF-2 spheres increased by 39.2% after 28 days in vitro. This compares favorably with the 33.9% increase obtained when spheres composed of non-transfected chondrocytes were continuously exposed to 5 ng/ml exogenous FGF-2 protein. Thus, the proliferative response of the encapsulated chondrocytes to FGF-2 overexpression is relevant. It remains to be determined if the amplitude of this response may be further increased, for example via strategies that lead to higher levels of the transcript. The absence of an effect of FGF-2 on the glycosaminoglycan content is consistent with the context dependence (e.g. monolayer vs. three-dimensional cell culture systems) of the actions of FGF-2. These data are in good agreement with previous findings [15, 27] and suggest that the recombinant human FGF-2 protein is bioactive and capable of stimulating chondrocyte mitotic activity.
Alginate spheres can be manufactured to carry a variety of therapeutic cells [38, 39] and have been used in human studies [40] . We employed alginate as a carrier for chondrocytes because it allows the safe delivery of genetically modified chondrocytes into osteochondral defects in vivo [21, 25] and promotes the expression of cartilage-specific genes [41, 42] . In the present study, the alginate spheres were progressively resorbed over time. This removal of the transplanted spheres may be due to a host reaction against the alginate, the transplanted allogeneic chondrocytes or the transgene. These findings are in agreement with other studies [25, 43] and suggest that the main role of the transplanted chondrocytes is the production of the therapeutic FGF-2, rather than to participate in the repopulation of the defect.
Local application of chondrocytes secreting human FGF-2 via spheres to cartilaginous defects may avoid a potential dilution of the factor in the synovial fluid and/or its uptake by synovial cells. It may thus prevent the development of an inflammation of the knee joint. Indeed, by 3 weeks in vivo there was a sustained production of FGF-2 by spheres that may have lasted for more than 4 weeks as previously determined using a reporter gene [21] . The absence of elevated FGF-2 levels in the synovial fluid at 3 weeks is probably due to the containment of the transgene product within the spheres and the new tissue in the defect. This supports the hypothesis of local growth factor production and action and suggests that this method of ex vivo gene delivery does not elicit any undesirable immune response. The decline of FGF-2 transgene expression in vitro has been recently demonstrated using a recombinant adeno-associated viral (rAAV) vector in a similar system [44] . FGF-2 is a secreted factor that remains mostly attached to its receptor at the surface of the genetically modified cells. The levels of FGF-2 might thus be underestimated by the ELISA. A lack of elevated intraarticular FGF-2 and of inflammatory changes of the synovial membrane may be advantageous in a clinical setting, in order to avoid undesired effects of the therapeutic factor such as observed in synovial hyperplasia [36, 37] .
The influence of FGF-2 on the control of cartilage growth and differentiation during embryogenesis is well established [9, 10] . More recently, therapeutic effects of FGF-2 protein application on repair of full-thickness defects have been described [12] [13] [14] [15] 18] . In a fullthickness defect model, ex vivo transduced cells containing a rAAV FGF-2 vector improved cartilage repair when applied in a type I collagen gel under a periosteal flap [45] . Alternatively, direct gene delivery of FGF-2 via rAAV into cartilage defects [26] may prove even more beneficial [44] . In the present study, differences in articular cartilage repair were seen as early as 3 weeks post-transplantation. The improvement of the average total score between 3 and 14 weeks suggests that the effects of FGF-2 remain present for a period of up to 14 weeks. Although the rabbits were in their late juvenile stage at the time of implantation and adult at the time of sacrifice, the intrinsic healing of the defects was insufficient in this model system, as evidenced by the high (lower) score values in the lacZ control group and the presence of degenerative changes after 14 weeks post-operation. While defects with a diameter larger than the 3.2 mm employed in the present study may be even more challenging for cartilage repair, the finding that articular cartilage regeneration did not occur in the lacZ control defects suggests that this model system is valid to investigate articular cartilage repair. Defects of similar size have been recently employed to study the effect of overexpression of therapeutic genes on articular cartilage repair [44, 46, 47] .
The mechanisms by which FGF-2 induces an improved articular cartilage repair remain to be elucidated. Previous studies have suggested that FGF-2 mainly acts as a mitogen for mesenchymal cells including fibroblasts [5] and chondrocytes [7, 8, 27] . FGF-2 also stimulates chemotactic migration of marrow-derived mesenchymal cells [48] into articular cartilage defects [14] , resulting in a higher cell density. The enhanced filling at 3 weeks of defects receiving FGF-2 spheres may reflect the beneficial effect of the therapeutic treatment upon cell recruitment, while the increased overall repair at 3 weeks suggests an early stimulating effect on chondrogenesis. The improvement in the cell morphology parameter at 14 weeks suggests a long-term effect of FGF-2 on chondrogenesis. It is possible that overexpression of FGF-2 may also influence the release of other growth or transcription factors [49] or the expression of their receptors [50] in both the transplanted chondrocytes and the surrounding cells of mesenchymal origin [51] . Analysis of type II collagen expression suggests that, after 3 weeks, FGF-2 may selectively increase type II collagen content. In contrast, FGF-2 did not lead to an increase in type I collagen production at both time points.
This gene-based model of localized synthesis of therapeutic factors may serve as a prototype to examine the effects of other potentially therapeutic molecules on articular cartilage repair. In the future, it will be important to assess the mechanisms of sphere resorption and to develop approaches to prolong transgene expression. Likewise, it will be important to test other therapeutic candidates in order to further enhance articular cartilage repair. Finally, the long-term durability of the repair tissue needs to be studied in a larger animal model that resembles more closely a clinically relevant situation.
In summary, the results of the present study demonstrate that localized overexpression of a human FGF-2 gene sequence augments chondrogenesis and enhances articular cartilage repair in vivo, without adverse effects on the synovial membrane. These data might be used to define the effects of genes involved in articular cartilage repair and lead to the development of novel gene-based therapies for human articular cartilage defects.
